In addressing the issue of the determining the hazard categorization of the Z Accelerator of doing SNM experiments the question arose as to whether the machine could be fired with its central vacuum chamber open, thus providing a path for airborne release of SNM materials. In this report we summarize calculations that show that we could only expect a maximum current of 460 kA into such a load in a long-pulse mode, which will be used for the SNM experiments, and 750 kA in a short-pulse mode, which is not useful for these experiments. We also investigated the effect of the current for both cases and found that for neither case is the current high enough to either melt or vaporize these loads, with a melt threshold of 1.6 MA. Therefore, a necessary condition to melt, vaporize, or otherwise disperse SNM material is that a vacuum must exist in the Z vacuum chamber. Thus the vacuum chamber serves as a passive feature that prevents any airborne release during the shot, regardless of whatever containment may be in place.
Terms
Z -Refers to the Z Accelerator in building 983, Sandia National Laboratories ICE -Isentropic Compression Experiment, i. e., a process in which there are no irreversible dissipative processes, such as shock wave propagation.
MITL -Magnetically Insulated Transmission Line. A vacuum transmission line where the selfcurrent driven magnetic field is sufficient to prevent electron emission from crossing the transmission line gap and shorting the line.
SNM --Special Nuclear Material. Special nuclear material" (SNM) is defined by Title I of the Atomic Energy Act of 1954 as plutonium, uranium-233, or uranium enriched in the isotopes uranium-233 or uranium-235.
PHC -Post-Hole Convolute. The parallel connection of the four MITLs of the Z vacuum section that add currents from each of the lines. Anode posts pass through holes in the cathodes to connect the parallel anodes. Hence the name.
MHD -Magneto Hydro Dynamic. Refers to a fluid-equation description of a plasma that also includes electric and magnetic fields.
Introduction
With the possibility of doing Special Nuclear Materials experiments on Z, where the vacuum chamber provides passive protection against accidental release of vaporized materials, it is prudent to verify that the Z accelerator cannot deliver sufficient current and energy to an ICEtype load to vaporize and cause an accidental release if the vacuum were open or a vacuum condition not established. Therefore, the following examines what current could be expected through a short-circuit load if the vacuum chamber were not evacuated but left at atmospheric air pressure. The Z MITLs rely on magnetic insulation in vacuum to transmit current to a load, and can support fields exceeding many megavolts per centimeter. Without a vacuum, electrons emitted from a cathode surface cannot be bent back to the electrode by the magnetic field before colliding with air molecules, knocking off more electrons, and initiating an avalanche process leading to a vacuum arc. That is, magnetic insulation cannot exist if the mean-free-path for electron-neutral collisions is much less than the electron gyroradius. Therefore, we expect that little if any current could reach a load containing special nuclear materials, and could not cause loss of confinement if the primary containment system were to fail. Thus a necessary requirement to deliver sufficient energy to the load to vaporize and disperse materials is that a vacuum must exist in the Z vacuum chamber. Thereby the Z vacuum chamber becomes a passive design feature that must exist before load material can be vaporized.
Expected Current to a short-circuit load on Z
If the Z vacuum chamber were breeched and Z fired at full atmospheric air pressure, it is only possible to get a small current to a load. The analysis involves determining where and when the electrodes are shorted by arcing, how many parallel arcs can be initiated, their resistance and inductance, and determining how these parallel current paths affect the current delivered to the load, which is also a short circuit. These parameters are then used in the validated circuit model of Z to predict what current might reach the load.
Likely breakdown locations
Pulsed breakdown in air can be expected at about 30 kV/cm for the short pulse ( r  100 ns) operation of Z, and 22 kV/cm for long-pulse ( r  600 ns) [1] . Potential sites for breakdown are thus at (1) the air side of the vacuum insulator stack, (2) the end of the vacuum flare where the MITL narrows to a small gap, (3) throughout the constant impedance section of the MITL, (4) the constant-gap portion of the MITL near the post-hole convolute, and (5) the post-hole convolute (PHC). See figs. 1 and 2 for these locations. Mean electric field expected at each of these locations is shown in fig. 3 , which consists of voltages extracted from a Bertha simulation of Z shot 1780 [2] , divided by the gap at that location. At the PHC the field shown is twice the average field because of the enhancement caused by the diameter of the posts and the relatively sharp edge of the cathode hole through which the post passes. The simulation for this shot, which was a short-pulse, short-circuit shot with a peak current of 26 MA, matches the measured load waveform and current to within one per cent through peak current. As can be seen, the highest fields occur at the PHC, but breakdown can be expected at any of the other locations since all exceed the breakdown limits in air. But, as an estimate, we only consider arcing at the end of the vacuum flare and at the PHC, realizing that an arc at those locations will reduce voltage throughout the MITLs and at the stack, thus limiting the number of arc locations. 
Number of arcs expected
After-shot inspection of the Z PHC hardware shows that for every shot there is arcing from the anode posts to the cathode holes through which they pass. For the 12-post design, there are 24 arc locations, which is the number of arcs that can also be expected if there is air in the chamber. The inductance of the arcs can be estimated using an expression for the inductance of a finitelength straight wire given by Grover [3] . This expression gives the inductance of a 10 mm long, 1 mm diameter arc as 5.9 nH, or an equivalent inductance of 0.25 nH for 24 arcs. The arc resistance is calculated in Bertha using the Tom Martin switch model [4] , which is based on the expansion of an arc channel using the Braginskii formulation [5] . Bertha simulations show that even with 24 parallel arcs inductance and resistance is sufficient that the electric field in the PHC still exceeds the breakdown field.
Simulations also show that even with breakdown at the PHC there can still be sufficient voltage developed to cause breakdown at the start of the narrow-gap section of the MITLs. This is a result of the inductance between the PHC and that location. The number of independent arcs can be estimated using an expression developed by JC Martin that expresses how long it can take for an arc at one location to prevent arcing at another [6] . The number n of independent channels can be expressed as
where 2T is the uncertainty in the time of breakdown, which is approximately 2 ns for a 100 ns rise-time pulse,  tot is time that voltage can be reduced by inductance and resistive of the arc, and  trans is the delay time between arc locations. Both  tot and  trans are functions of n. Ignoring  tot , which only increases the number of channels, I estimate the minimum number of channels using the second term on the RHS of eq. (1). The time  trans is 2r/(nc), the circumference of the MITL divided by n times the azimuthal velocity. For 2T = 2 ns I find that the minimum number of channels than can be expected is 10. The inductance of each channel is estimated with the same formula from Grover, and is 43 nH each for A and B levels, and 66 nH for C and D. For the resistance I use the same model in Bertha. The time of arc initiation at the entrance to the MITLs is 15 ns later than that of the PHC.
Circuit-Code Simulations
All full-circuit model of Z was done using the short-circuit load configuration and machine setup of Z shot 1780, but with arc channels inserted at the PHC and the input to the MITLs, as described above. A comparison of the currents both with and without arcs is shown in fig. 4 . Note that the peak current at the load with arcing is about 750 kA. The electric field at the MITL and PHC arc locations is shown in fig. 5 . Note, that even with the voltage reduced at these locations, arcing is still likely at later times. Also note, that the timing of the arcs is somewhat artificial in the simulation since the arcs are inserted as equivalent arcs on each MITL, and one equivalent arc at the PHC. More likely, the start time of each individual arc would be different as the voltage drive pulse rises. Thus, the sharp drop in field noted at the time of breakdown, as seen in fig. 5 , would probably not be seen in an actual experiment. 
Inferred Peak Current
In the worst case, we expect that the Z accelerator can deliver at most a maximum of 750 kA into a load if the vacuum chamber were filled with air at atmospheric or partial pressure. More than likely, more arcs will be initiated than here simulated, and current would be even less. These simulations were done for Z in the short pulse mode. For ICE shots the accelerator is operated in a long pulse mode with a peak current of 16 MA. With scaling by the ratio of the peak currents of the two modes we expect a peak current of no greater than 460 kA for the plutonium ICE shots. An independent evaluation of this result is given by Mark Savage in Appendix A.
Effect of a low current on an ICE load on Z
Questions remain concerning how much damage could still be done by this current. Could the load hardware be vaporized and spread material throughout the chamber? How does this damage scale with peak current?
In answering these questions we consider the ICE load configuration planned for the plutonium shots, where the current through aluminum electrodes generates a magnetic field pressure that presses on a plutonium sample located behind the current-carrying surface. Fig. 6 shows a 3D rendering of the load, with side electrodes and cathode removed, and fig. 7 shows a 2D cross section through the plutonium sample. Several approaches are used to address these issues. The first is to compare to a failed ICE shot, Z shot 1931, where only one out of thirty-six lines was triggered, resulting in only 450 kA getting to the load. This shot showed only minor melting and no loss of material from the current-carrying surfaces, which were aluminum. The second is to estimate the energy loss into the conductors of an ICE load as a function of peak current, and use these estimates to predict surface melting or vaporization of the current-carrying conductors. The third is to estimate peak magnetic field energy and to determine if pressures exceed the yield strength of the materials. A fourth approach is to use a 2D MHD code to simulate current flow, resistive heating, and material deformation for these low currents.
Result of a failed Z shot with only 450 kA through the load
The configuration for Z shot was a single strip-line ICE load as shown in fig. 8 . For this configuration the current density was four-times higher than would be in a Pu ICE load at the same current. The conductors were 11-mm wide, rectangular aluminum strip-line conductors shorted at one end and separated by 1 mm. Current flowing in the lines generated a magnetic field that broke away the 0.9 mm thick panels and accelerated them toward the quartz and sapphire plates, located 6.1 mm behind the panels. With this shot only one line of Z triggered, resulting in only 450 kA peak current getting to this load. A picture of the load after the shot is shown in fig. 9 . The panels broke away from the electrodes, and impacted the brittle quartz and sapphire disks, pulverizing them. The white material seen in the photograph is the pulverized quartz and sapphire. Inspection of the electrodes after the shot showed only minor melting of the aluminum surfaces and no material loss. There was however mechanical deformation of the aluminum electrodes from the magnetic pressure. Thus, at four times the current density of a Pu ICE shot in air at 450 kA, only minor electrode damage and some melting is seen. But with the Pu ICE configuration even such minor damage is not be expected. 
Estimates of Surface Heating and Melting
In addition to comparing with experiments on Z, we can also estimate scaling of melting and potential vaporization of the electrodes as a function of current. The calculation is conservative since it assumes constant heat capacity with temperature, no thermal transport, and that the current density falls as e -y/ in the conductor where y is depth and  is the skin depth. Using the same geometry shown in fig. 7 , which is the rectangular coaxial configuration, we can calculate the energy per mass deposited into the conductors with a skin depth ,
where  is the electrical resistivity, f the frequency (f = 1/(4t peak ) ), and  o = 4 x 10 -7 H/m. In a volume of the conductor with width w and length x with thickness y at a depth y, with current flowing in the x direction, the power P dissipated per mass m is
where  m is the mass density and R is resistance. Averaging over a skin depth gives
where J is the linear current density I(t)/w in the x direction. The justification for averaging over the skin depth is that we have neglected thermal diffusion in this calculation, and with the small skin depths and the relatively long pulse length we can expect some averaging of the energy deposition in depth. To find the energy E dissipated per mass we integrate over time using a current profile that rises linearly to a peak in a time t peak , and falls exponentially to zero with a time constant .
where k = 7 o /24 and J o is the peak linear current density. Note that because the mass in the problem is also a function of the skin depth, the energy deposited per mass is independent of the frequency and electrical resistivity. This of course is only valid for frequencies and conductivities where the skin depth does not exceed the thickness of the material, and for a resistivity that does not change with temperature or phase. A more accurate calculation must be done with codes where these parameters, as well as heat capacity, can vary with temperature, and where thermal diffusion can be included. But in spite of these limitations, eq. (5) provides useful estimates for situations where material melting or vaporization might be expected.
With aluminum electrodes with the configuration shown fig. 7 , we use eq. (5) to estimate current to raise the temperature to melt, current needed to melt, and also to heat to vaporization. For aluminum the relevant physical parameters are given in table 1. The energy per mass needed to raise the temperature to melt is 574 kJ/kg (= c p T). Melting requires an additional 398 kJ/kg, and to start vaporization requires 1600 kJ/kg. E/m as a function of peak current for the aluminum electrodes rises as the square of the current density, as shown in fig. 10 for w = 44 mm. Also shown is the energy per mass required to reach the phase boundaries. Melting can begin with a peak current of 1.6 MA, and requires a peak current of 2.1 MA to completely melt. To raise the temperature of the melted aluminum to vaporization within a skin depth requires a peak current of 3.4 MA. Thus, with a peak current of only 460 kA the energy deposited into the electrodes is 46.6 kJ/kg, which equates to a temperature rise of 52 K. No melting is expected. Figure 10 . Energy per mass into aluminum electrodes, as estimated using eq. (5), deposited into one skin depth of 44 mm wide conductors as a function of the peak current with a profile that rises linearly to peak, and falls exponentially.
Peak Pressure vs. Peak Current
The peak pressure on the electrodes can also be expressed as a function of the current density. Using Ampere's law, and integrating along the cathode surface, which gives a conservative estimate, the peak magnetic field B o =  o J o where J o is I o /w, the peak current divided by the circumference of the cathode. The peak magnetic pressure
The magnetic field versus current for a load with w = 44 mm is shown in fig. 11 . Note that the yield strength of aluminum is 280 GPa, which is only exceeded for currents of 930 kA or higher. For comparison, the yield strength of plutonium is 480 MPa at room temperature [7] , and the yield strength of lithium fluoride is 11 MPa [8] . Thus, for peak current less than 930 kA we expect no deformation and only elastic motion of the aluminum electrodes, fracturing of the lithium fluoride windows, and no damage to the plutonium samples. 
MHD simulation of the Pu ICE load with a 500 kA current
To verify the estimates made with the scaling arguments of the previous sections, we have done 2D simulations of the electrode configuration shown in fig. 7 using the ALEGRA code. [9] Results of these simulations are shown in figs. 12 -14. Fig. 12 shows the electrode configuration 7 s after the start of current, indicating no electrode deformation. This time is well past the 500-kA peak current for the simulation. The solid colors show the density regions. The colored lines give the magnitude of the magnetic field and show field diffusion into the electrodes. The flare of the gap on the right and left sides is intentional, but does not affect results at the sample location. It helps control material jetting issues with higher-current simulations. In fig. 13 we see the current used in the simulation to drive the load, and the calculated magnetic field pressure at the anode face. Note that the peak pressure agrees with the estimates shown in fig. 11 . As noted in the previous section, the peak pressure is much less than the 280 MPa yield strength of aluminum. Fig. 14 shows the calculated mass density and temperature of the aluminum surface. The simulation shows a temperature rise of 44 K to 337 K, well below its melting temperature of 933 K. Scaling this temperature rise with the square of the current extrapolates that melt would not start until peak current exceeds 1.9 MA. This is even more conservative than the estimates of section 3.2 which predict an energy deposition into the conductors that raises the electrode temperature 61 K for a 500 kA peak current and predicts a current of 1.6 MA needed to melt. Thus, the 2D simulation shows that at 500 kA or lower we can expect no deformation of the electrode structure, pressure is well below the yield strength of aluminum, and there is no melting of the electrodes. 
Conclusions
A necessary requirement to deliver sufficient energy to a Pu ICE load on Z to vaporize and disperse material is that a vacuum chamber must exist. The vacuum chamber thus serves as a passive design feature that prevents escape of such material whether or not any other containment feature is functional. If operated in air, circuit simulations show that the Z accelerator could deliver as much as 750 kA into a short-circuit load in the short pulse mode whereas peak current would otherwise be 26 MA with vacuum. For shots with the accelerator operated in a long pulse mode, which is necessary for the ICE shots, we expect a peak current of no greater than 460 kA delivered to a load if operated in air whereas it would be 16 MA with vacuum.
To address the questions about what these low currents could do to an ICE load we used several approaches. These include comparing to a low-current failed shot on Z, estimating the energy loss into a skin-depth of the conductors to determine if there is sufficient to melt or ionize, estimating the peak magnetic pressure and comparing to yield strength, and doing a 2D MHD simulation of this configuration at these low currents.
For an ICE shot on Z when only 450 kA reached the load, but at four times the current density that would be expected with a Pu ICE shot in air at the same current, only minor electrode damage and some melting was seen. But with the Pu ICE configuration even such minor damage is not expected because of its much lower current density. Estimates of energy deposition into the conductors indicate that melting can only occur with peak currents exceeding 1.6 MA. Estimates of the peak pressure on the electrodes show that peak current must be greater than 930 kA for conductor deformation to occur. Finally, these estimates were confirmed with a 2D simulation of the Pu ICE load with a peak current of 500 kA showing that no mechanical deformation occurs, and that electrode temperature only rises 44 K to 337 K, well below melt. Scaling of this temperature rise to melt implies that peak current must be greater than 1.9 MA to start melt.
Thus, if the Pu ICE load were shot with the Z vacuum chamber open, no damage is expected to either the aluminum conductors, or to the plutonium samples. Pressure is not sufficient to plastically deform either the electrodes or the plutonium, but will damage the LiF windows.
